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Introduction
It is well known that the viscosity curve at low temperature of water against pressure exhibits a min imum, e.g. at 100 MPa for an isothermal curve at 283 K [1] . The reduction of the viscosity with increas ing pressure up to the minimum has been ascribed to breaking of the bulky water-structure by compression [2] and the increase of the viscosity after the minimum has been reached to stuffing. The minimum shifts to lower pressure with increasing temperature and disap pears at ca. 310 K because of the breaking of the hydrogen-bonding [1] .
Another type of reduction of the viscosity of water is known to be caused by addition of an electrolyte whose Jones-Dole's B coefficient is negative, suggest ing breaking of water-structure at atmospheric pres sure [3] . A typical electrolyte showing this effect is ammonium bromide (NH4Br). We are interested in the viscosity phenomena of aqueous NH4Br solutions at high pressure where the water structure is broken. In the present work we have measured the viscosity of aqueous NH4Br solutions as a function of pressure, temperature, and concentration. The results are com pared with those of NaCl [4] , whose B coefficients is slightly positive. * Present address: Department of Chemistry, National De fense Academy, Hashirimizu, Yokosuka, Kanagawa, 239, Japan. Reprint requests to Prof. S. Sawamura.
To estimate the viscosity, the density of the solution is needed [4] , Therefore the high-pressure density of the solution was also measured.
Experimental Section
NH4Br purchased from Nakarai Tesque, Inc. (extra pure grade) was recrystallized twice from water and dried in a vacuum desicator over P2O s. The purity of the salts was checked to be better than 99.8% by titration with 0.1 mol dm -3 A gN 03. The concentra tions of the sample solutions were 0.100, 0.300, 0.500, 0.700, and 1.000 (± 0.0002) mol kg-1. They were passed through a membrane filter (d = 25 mm, pore size 0.1 pm), to remove dust, and then put into vis cometers or pycnometers.
The viscosity at 0.1 MPa was measured using an Ubbelohde-type viscometer and that at high pressure was done using a rolling-ball type viscometer designed by us [6] . The viscosity, r], was estimated from the rolling time, t:
where K is a constant for the equipment and db and d are the density of the ball and solution, respectively. The density of the solution at 0.1 MPa was measured using an Ostwald's pycnometer (25 cm3). To estimate the high-pressure density, the compression k, defined by
0932-0784 / 95 / 0200-030 1 $ 06.00 © -Verlag der Zeitschrift für Naturforschung, D-72027 Tübingen where d0 is the density of the solution at 0.1 MPa, was measured using an Adams-type piezometer [7] . The detail for these measurements were previously de scribed [4] [5] [6] 8 ],
Results and Discussion

Density of Aqueous NH4Br Solution
The obtained compression of the solution is listed in Table 1 . It is well known that the modified Tait's equa tion where E and F are constants and p is the pressure (MPa), is applicable to many compression data of liquids, such as organic solvents and water, as a func tion of pressure [9] . Our compression data in Table 1 are fitted to this equation, and E and F values are obtained as listed in Table 2 . To estimate the highpressure density, we did not use the compression data in Table 1 but those calculated from (3), using the E and F values in Table 2 . The densities at 0.1 MPa are also listed in Table 2 .
Pressure Dependence of the Viscosity
The viscosities are listed in Table 3 and plotted in Figure 1 . The solid curves in Fig. 1 are fitting curves.
where / 0, / i , and f 2 are coefficients and the numerical values are tabulated in Table 4 . The deviation of the dots from the curves is at most ± 1%. The curves at zero concentration are cited from [1] . The viscosity curve of water at zero concentration at lower temper atures than 298.2 K shows a minimum in Figure 1 . The curve is deformed by addition of NH4Br, but the et al. ■ Viscosity of Aqueous Ammonium Bromide Solution minimum is kept even at 1 mol kg"1. This means that addition of NH4Br up to 1 mol kg-1 does not com pletely break the water structure at 0.1 MPa.
Temperature Dependence of the Viscosity
Temperature dependence of the viscosity has been represented by the activation energy, £ v, for viscous flow [10] defined by
£ v is an important parameters for the understanding the structure of ionic hydration [11] . ln r] vs. 1/T for the solutions at 0.5 mol kg -1 is plotted in Fig. 2 as an example. The curves are estimated from Table 4 using (4) and are fitted to the second polynomial of 1/T. £ v is estimated from the slope of (5). The pressure depen dence of the £ v at 298.2 K is shown in Figure 3 . The £"'s at all concentrations diminish with increasing pressure up to 200-300 MPa and then increase, as similar minimum has been observed for 0-2 mol kg -1 NaCl solution in the same pressure region [4] , The minimum of £ v for water has been ascribed to compe tition between the decrease of £ v accompanying wa ter-structure breaking by compression and increase of £ v by stuffing of water molecules. The £ v at 0.1 MPa decreases with addition of NH4Br, as shown in Fig  ure 3 . This has been attributed to the water-structure breaking effect of NH4Br. At high pressure, this effect is thought to become weak because the water struc ture is already broken by pressure. Therefore £ v at 375 MPa increases with increasing concentration af ter the reduction from zero to 0.3 mol kg-1.
Concentration Dependence of the Viscosity
In Fig. 4 the viscosity is plotted against concentra tion. Our results at 0.1 MPa and 298.2 K coincide with the data by Getman [12] . This viscosity at 0.1 MPa decreases with increasing concentration at low temperature between 278.2 K and 298.2 K. A sim ilar reduction of the viscosity has been observed for several aqueous electrolyte solutions, and at high con centration the viscosity increased, resulting in a mini mum [3] . For NH4Br solution the minimum is known to be at 2-3 mol dm -3 [12] . This reduction of the viscosity has been ascribed to breaking of water-structure by addition of electrolyte, and the electrolyte has been classified as a structure breaker [3] . Because the water structure at high temperature is already broken by heat, the viscosity at high temperature does not decrease by addition of the electrolyte, as shown in Figure 4 .
With increasing pressure up to 375 MPa, the viscos ity minimum shifts to low concentrations and appears at 278.2-298.2 K in Figure 4 . This seems to suggest that the water-structure breaking effect of NH4Br is weakened by pressure. On the other hand, the slope of the curve at zero concentration at 375 MPa is steeper than that at 0.1 MPa, suggesting that the water-struc ture breaking effect of NH4Br is enhanced by pressure. To make the situation clear, it is reasonable to esti mate the Jones-Dole's B coefficient [3] . Because the concentration range in Fig. 4 is wide, we use an ex tended Jones-Dole's equation [13] 
rj/r]0 = 1 + A^c + Bc + Dc2,
The A value can be estimated to be 0.0050 m ol"1/2 dm3/2 [14, 15] . Its pressure and tem perature dependences may be negligible because A itself is small. Therefore we applied this value of A in (7) at all temperatures and pressures. Figure 5 shows linear relations of {rj/rj0 -1 -A yjc) vs. c. Our data at 0.1 MPa are in good agreement with those by Getman [12] . The B value at 0.1 MPa is obtained to be -0.065 mol -1 dm3 by extrapolation of the line to zero concentration. It is compared with -0.049 mol-1 dm3 calculated from the B values of NH4 and Br" ions by Nightingale [3] . These facts support the validity of our estimation of B using (7) . The pressure dependence of the B of NH4Br in water is shown in Figure 6 . The ß's c / mol dm"3 are negative at 0.1 MPa, increase with increasing pres sure up to ca. 100 MPa, and decrease after having a maximum except for the B at 323.2 K. A similar max imum has been observed for NaCl in water at ca. 100 MPa at 283.2, 298.2, and 323.2 K [4] . The dot ted line was estimated by Ibuki and Nakahara's method based on a Hubbard and Onsager's dielectric friction theory [16] using high pressure properties of the viscosity [1] , dielectric constant [17] , and dielectric relaxation time of water [18] . This line is for elec trolytes whose ionic radius is 0.1-0.2 nm, including both NH4Br and NaCl. It decreases with increasing pressure without any maximum because the theory does not take any water structure into account. The reduction of B for NaCl with increasing pressure at higher pressure than 100 MPa was ascribed to this effect [4] . On the other hand, the increasing of B for NaCl up to 100 MPa has been ascribed to an appar ent enhancement of B accompanying the structurebreaking in bulk water by pressure [4] . The maximum of B for NH4Br in Fig. 6 may be ascribed to competi tion of these two effects, though the increase of B at 323.2 K higher pressure than 100 MPa can not be ascribed to these effects, suggesting an other interac tion between NH4Br and water because this increase has not been observed for NaCl in water at the same temperature. The matter needs further consideration.
Conclusion
In the present work, two high-pressure phenomena were observed; (1) the activation energy of viscous flow for aqueous NH4Br solution decreases with in creasing concentration at 0.1 MPa and increases at high pressure, (2) the Jones-Dole's B coefficient of NH4Br in water has a maximum at ca. 100 MPa. Similar phenomena have been observed for NaCl in water [4] . Supposing two types of water, that is, bulk water and hydrated water around an ion, the phenom ena are ascribed to breaking of the former structure with increasing pressure, implying that the latter structure does not change (or change less) by pressure. As the hydrated water is strongly attracted by ions, it is reasonable that the structure of hydrated water does not change or change less by pressure than that of bulk water. 
